Abstract. The extension to odd nuclei of the equation of motion phonon method (EMPM) is briefly outlined. It derives and solves iteratively a set of equations of motion which yield an orthonormal basis of states composed of an odd particle coupled to orthonormal multiphonon states, also generated within the EMPM, describing the excitations of a doubly magic core. The basis so obtained is used to solve the eigenvalue problem in the full particle-phonon space. We have applied the method to the odd neighbors of 16 O using an optimized chiral potential in a space spanned by particle-core basis states which include up to three-phonons. The calculations have shown that the multiphonon states enhance enormously the density of levels and compress the whole spectrum, consistently with the data. They also contribute substantially to improve the agreement with the experimental moments and transitions strengths.
Introduction
The correction induced by the core excitations on the single particle energies of odd nuclei is a longstanding problem, and, to a large extent, not yet solved. One of the first attempts was made during the '60s, within shell model, by including 2p-1h and 4p-3h configurations [1] . The necessity of complex configurations for describing the odd nuclei spectra was also stressed by a weak coupling model [2] .
Of different nature is the particle-vibration coupling (PVC) model [3, 4] . It couples an odd particle to the collective excitations of the core commonly described in random-phase approximation (RPA). Recently, PVC calculations were performed within the framework of energy density functionals deduced from Skyrme forces [5, 6] or relativistic meson-nucleon Lagrangians [7, 8] or from the theory of finite Fermi systems [9] .
Calculations using chiral forces were performed within the context of self-consistent Green's function theory [10, 11] , no-core shell model (NCSM) [12] and coupled cluster theory [13, 14, 15] .
Our proposal is the Equation of Motion Phonon Method (EMPM) [16, 17, 18] . It has been applied mainly to study the dipole response in neutron rich nuclei [19, 20] . Recently it was formulated in a Hartree-Fock-Bogolyubov basis and adopted to study the full spectrum as well as the dipole response of neutron-rich 20 O [21] .
In its extension to odd nuclei [22, 23] , it derives and solves iteratively a set of equations of motion to generate an orthonormal basis of states composed of a valence particle coupled to n-phonon states (n = 1, 2, ...), also generated within the EMPM, describing the multiphonon excitations of a doubly magic core. The basis is then adopted to solve the full eigenvalue problem. The formalism does not rely on approximations, and takes into fully account the Pauli principle.
Outline of the Equation of Motion Phonon Method for odd nuclei Let us consider the Hamiltonian
H 0 is the one-body term
where a † r = a † xrjrmr (br = (−) jr+mr a xrjrmr ) creates (annihilates) a particle of energy , [r] stands for [r] = 2j r + 1 and the symbol ×denotes angular momentum coupling. V is a two-body potential
where F σ is derived from the two-body potential V Ω through the Pandya transformation
Here W (rsqt; σΩ) are Racah coefficients. The main goal of the method is to derive for an odd system a basis of correlated particle-core states of the form
from a set of states composed of an odd particle p coupled to a a basis of correlated n-phonon core states
also derived within the EMPM [18] . In the above equation
is the TDA phonon operator, the building block of the multiphonon basis states. In perfect analogy with the procedure adopted for even nuclei [18] we start with the equations of motion
where E ν are the eigenvalues to be determined and
Here is the overlap matrix which reintroduces the exchange terms among the odd particle and the nphonon states and, thereby, re-establishes the Pauli principle. After expanding the commutator in the Eq. (8), we obtain
where
is the particle-phonon potential. Eq. (11) represents an eigenvalue equation in the over-complete basis | (p × α n ) v within the n-phonon particle-core subspace. Following the procedure outlined in Refs. [16, 17] , based on the Cholesky decomposition method, we extract a basis of linearly independent states | (p×α n ) v to obtain a non singular eigenvalue equation. Its iterative solution yields the particle-core states | ν n (5) of energies E νn for n = 1, 2...., which, together with the single particle states | ν 0 , form an orthonormal basis. The eigenvalue problem in the full space spanned by
νnν n are non vanishing for n = n + 1 and n = n + 2. The above eigenvalue equation yields the eigenstates
where ν n are defined by the Eq. (5). The wavefunctions (14) can be used to compute the transition amplitudes of a multipole operator given by
If the initial and/or final states have dominant single particle character we can safely use the truncated formula
01 (λ) and M
10 (λ) are, respectively, the particle-particle, particlephonon, and phonon-particle transition amplitudes.
Calculations and results
We used an Hamiltonian composed of an intrinsic kinetic operator T int plus the NNLO opt optimized chiral potential [24] to generate the HF basis in a configuration space including up to the harmonic oscillator major shell N max = 15. The TDA phonons are derived from a subset of HF states corresponding to N = 12. Their structure does not change if we use the full HF space. The spurious J = 1 − TDA components induced by the center of mass (CM) motion have been removed resorting to a Gramm-Schmidt orthogonalization procedure discussed in Ref. [25] .
The multiphonon particle-core basis is composed of all one-phonon particle-core states and of a restricted set of two-and three-phonon particle-core states. The inclusion of the three-phonon (2) particle-core states has required some approximations. We ignored the interaction V pα 3 ,p α 3 in the eigenvalue equation as well as the phonon-phonon potential V λα,λ α determining the core states | α 3 . We have also neglected the exchange terms between the odd particle and | α 3 by putting
The theoretical spectra obtained for 17 O and 17 F in different multiphonon spaces are compared to one another and with experiments in Fig.1 and 2 . The one-phonon states alter appreciably the HF levels. They depress the lowest 5/2 + with respect to the other states thereby enhancing its distance from the other levels. In 17 O this energy shift is beneficial for the lowlying positive parity levels which get closer to the experimental levels of single particle nature. The negative parity states, instead, get pushed at too high energies with the exception of the 3/2 − . In 17 F the energy depression promotes the inversion between the 1/2 + and 5/2 + levels. The correct ground state is thus obtained.
The action exerted by the phonon couplings is similar in both isobars. The inclusion of the two-phonon states enhances the level density only at high energy. The three phonons, by pushing few negative parity states down in energy, enrich the low energy spectra but not sufficiently to reproduce the density of the experimental low-energy level schemes. The magnetic moments in both 17 O and 17 F are practically determined at the HF level (Tab.1). The weak quenching due to the core brings the total moments slightly more distant from the experimental values. The ground state β-decay of 17 F is also ruled by HF. Indeed, the ft value comes almost entirely from the transition between the HF components of the 17 O and 17 F 5/2 + ground states (Tab.1). The weak quenching caused by the phonon coupling brings the ft value slightly above the measured quantity.
In 17 O, the calculation underestimates the absolute value of the quadrupole moment by a factor three and the strength of the E2 transition from the ground state 5/2 + 1 to 1/2 + 1 by an order of magnitude (Tab.1). Since the odd particle is a neutron, and both states have a single particle nature, the contribution to the moments and transition strength comes entirely from the terms M01(E2) and M10(E2) (Eq. 16) which couple the single particle components of 5/2 + 1 and 1/2 + 1 to the λ = 2 + particle-phonon pieces of 1/2 + 1 and 5/2 + 1 , respectively. It seems, therefore, that the amplitudes of the one-phonon components and, in particular, the quadrupole phonon pieces are not sufficiently large.
In 17 F, the quadrupole moment, computed in HF, is ∼ 1.7 times the measured value. It gets considerably smaller and closer to experiments once the phonon coupling is included. The coupling is even more effective on the 5/2 + 1 → 1/2 + 1 E2 transition. Once the phonon are included, the E2 strength gets considerably reduced and coincides in practice with the experimental value (Tab.1). This strong effect comes from the indirect coupling among different single particle components of the ground state wave function. This mutual interference causes the quenching of quadrupole moment and transition. In 17 O, this interference has no effect since the odd neutron carries no charge.
Conclusions
The above analysis has shown that, while the two phonons have the only effect of enhancing the level density at high energy, the three phonons, through their strong coupling, push down in energy few one-phonon states of negative parity. They enrich thereby the low-energy sector
